In the beverage industry, the detection of spoilage yeasts such as Wickerhamomyces anomalus and Brettanomyces bruxellensis can be labourious and time-consuming. In the present study, a simple and repeatable technique was developed for rapid yeast detection using a combination of patterned goldcoated surface-enhanced Raman spectroscopy (SERS) substrates and gold nanoparticles. W. anomalus and B. bruxellensis showed several characteristic peaks, enabling the discrimination of these yeasts without chemometric analysis. The control yeast used as an indicator yeast, Rhodotorula mucilaginosa, showed 7 cell wall-related peaks originating from lipids and haemoproteins. AnalysingW. anomalus SERS spectra with differently sized and shaped gold nanoparticles revealed the benefit of using either large, spherical, chemically synthesised gold nanoparticles or small, laser-synthesised, gold-silicon nanoparticles for yeast detection. Additionally, the spectra showed differences in SERS signal construction for small molecules and biological cells, as the nanoparticles with best response in biological cell detection did not excel in small molecule detection. The use of small composite gold-silicon nanoparticles in combination with the SERS substrate gave distinctive spectra for all detected yeast species.
Introduction
Yeast spoilage in the beverage industry is a costly problem arising from off-flavors caused by the metabolic end products of yeast cells 1, 2 . Although yeasts are an essential part in making beer and wine and are often vital in forming the specific taste of the beverage 3, 4 , some yeasts can pose a problem, since they can spoil the final products. In worst case the yeast spoilage can include exploded cans of soft drinks, cloudy re-fermented products with unwanted off-flavour in beverages 3, 5 . The presence of a few cells of specific spoilage yeast at any stage of the manufacturing process may result in quality defects perceptible to consumer. Despite of many advances in controlling microbiological risks in beverage production, the globalization of trade, the use of exotic raw materials, novel processing technologies and the growing demand of minimally processed fresh-like products create new challenges for manufacturers to ensure the product safety and stability. Thus, there is a need to develop effective control and detection tools for harmful microbes including spoilage yeasts.
Beverages containing spoilage yeasts are difficult to detect by naked eye as it takes up to 10 000 cells/ml to make a difference in the appearance of the drink. In the beverage industry, microbiological quality control mainly relies on the use of plate cultivation techniques, often laborious and time-consuming (typically 5-7 days). Furthermore, they rarely distinguish between spoilage and harmless microbes. After detection the identification of the yeasts often requires slow and laborious DNA sequencing or morphological and physiological testing 1, 2, 6, 7 .
Recently, surface-enhanced Raman spectroscopy (SERS) for the identification of yeasts has been demonstrated by several research groups. [8] [9] [10] [11] [12] [13] SERS detection is based on vibrational spectroscopy where the signal intensity of Raman scattering is enhanced by localized or propagating plasmon resonance in noble metals. 14 Thus, the bonds of the biomolecules, such as proteins, lipids, carbohydrates, and nucleic acids, on the cell wall of yeast cells, create a specific Raman spectrum enabling identification of different yeast species.
SERS is promising for molecular and microbial detection with such advantages as analyte identification, speed and possibility for multiple simultaneous analyses. The presence of other microbes or DNA in the laboratory is not a concern in SERS. 5 The yeast detection by SERS has been mainly focused on characterization of different yeasts with colloidal suspensions of silver nanoparticles (AgNPs) incubated with the cells, and by focussing on single cells or small clusters of cells in combination with highly magnifying optics. [8] [9] [10] 12, 15, 16 Syamala et al. revealed the difficulty in obtaining reproducible SERS spectra from the yeast cells with AgNPs incubation as the proteins in the cell walls have various factors affecting the adsorption of AgNPs including the flexibility/mobility, accessibility, polarity and the exposed surface. 12 AgNPs are advantageous for SERS as silver has a higher SERS enhancement factor than other metals such as gold. 17 However, there are reasons for considering the latter for SERS. AgNPs are prone to oxidation and release of toxic silver ions, and although surface stabilization is applied, they can be bio-incompatible and inappropriate for longer storage 18 . Gold on the other hand is stable and non-toxic, and does not harm the yeast cells under inspection 19, 20 . anomalus were analysed to find the optimal combination of SERS substrate and NPs producing high SERS enhancement with low background signal. The SERS substrates were used as an analysis chip basis and to increase electromagnetic field with the combination of NPs 22, 23 . They were fabricated with roll-to-roll UVnanoimprint lithography allowing for high-throughput manufacturing of the SERS chips 24 .
Materials and Methods

Yeast cultures:
Yeast strains isolated from beverage production were obtained from VTT Culture Collection 
Gold nanoparticles:
Star nanoparticles:
Gold nanostars (Star AuNPs) were fabricated by seed-mediated growth method 25 
Ultrapure nanoparticles:
Synthesis of gold-silicon nanocomposite particles (AuSi NCs) was carried out by means of the pulsed laser ablation method which has been described previously. [28] [29] [30] [31] [32] In brief, a gold target was ablated in a solution of previously prepared silicon NPs (SiNPs). Laser ablation was performed by Ti:Sapphire laser (Hurricane Spectra Physics Laser, USA) operated at 800-nm wavelength and 1000 Hz repetition rate with 110 fs pulse duration.
Laser energy fluence was fixed at 150 µJ/pulse. For fabrication of colloidal solution of SiNPs 28, 29 , a Si target was immersed in 18 MΩ deionized water and exposed to fs pulsed laser radiation. The Si target was replaced
by an Au target and laser ablation procedure was applied in the presence of SiNPs. 31 The dual ablation leads to the formation of AuSi composite NPs (AuSi NC). 32 The advantage of laser-assisted synthesis is in the absence of ligands on the NP surface, which guarantees a strong response of formed NPs. 33, 34 Despite the presence of protective ligands, AuSi NCs are extremely stable due to strong negative charge of colloids leading to electric repulsion effect. The original AuSi NC suspension was diluted with a ratio of 1:1 in DI water to make it closer to OD of spherical particles.
Chemically synthesized spherical nanoparticles:
Spherical NPs of different sizes were purchases (Sigma-Aldrich, CytoDiagnostics, USA). NPs 10 nm, 80 nm, 150 nm and 200 nm in diameter were acquired in 0.1 mg/ml citrate buffer. According to the description, the NPs in citrate buffer have a high salt stability (30mM NaCl, 30 min). OD of NPs was set to 1. The concentrations of 200-nm, 150-nm, 80-nm and 10-nm NPs in citrate buffer were 1.9•10 9 particles/ml, 3.6•10 9 particles/ml, 7.8•10 9 particles/mL, 6.0•10 12 particles/ml, respectively. 150-nm NPs were also obtained in phosphate buffered saline (PBS) buffer. The NP concentration was 3.6•10 9 particles/mL, OD was 1 and the solution was 99% free of residual reactants from manufacturing.
SERS substrate and PDMS sample well:
SERS substrate fabrication and PDMS well integration has been described by S. Uusitalo et al. 23 and S.Z.
Oo et al. 24 . In short, the SERS substrates were fabricated by using UV-nanoimprint lithography and roll-to-roll (R2R) equipment. UV-curable lacquer was applied with reverse gravure and were patterned with embossing reel and the structures were cured through UV exposure. The web was die-cut and coated with a 240-nm gold layer by vapour deposition. 2-mm hydrophobic sample wells were integrated to the gold layer of the SERS substrates by physical adsorption. The developed R2R fabrication is capable of high throughput volumes with low chip cost simplifying the detection as the chips can be disposed after use and do not require extra cleaning steps.
UV-VIS spectroscopy and TEM imaging:
UV-Vis spectroscopy was performed using a spectrophotometer (Optronic Laboratories, USA) within 350-1050-nm wavelength range. Originally measured collimated transmittance was recalculated into OD. OD of different NPs was tuned into similar range by diluting the AuSi NCs from the original concentration to 1:1 ratio and the star AuNPs to 1:4 ratio. The diluted samples were used in the SERS detection of W. anomalus.
TEM imaging was performed with LEO 912 Omega EFTEM (Zeiss, Germany) by drop-casting NP suspensions onto carbon-coated copper grids.
Raman spectroscopy:
785-nm excitation laser was used in a Raman system coupled with an optical microscope (Olympus, Japan) in combination with 50x magnifying optics. Spectra were acquired over a Raman shift range of 400 to As pointed out in literature, the power of the excitation laser can damage biological cells during the measurement procedure 13, 40 . Appropriate laser power also depends on whether the cells are measured in solution or as dried on top of the SERS substrate. As Syamala et al. 12 reported that the detection of yeast cells incubated with silver colloids had issues in repeatability, the aim of the present study was detection of the The chosen AuNPs were applied to measure the spectrum for W. anomalus using a slightly lower (10 mW) excitation laser power and reduced total integration time 15s to ensure minimal thermal damage. This study included triplicate samples with 10 measurement points per sample to see the repeatability of the detection method. In the graphs in Figure 6 the average deviation between the measurement points is shown with the red curves. After washing AuNPs and replacing the buffer with DI water (Raman neutral medium), background signal diminishes and the main Raman peak is detected, but the intensity is lower than acquired with similar AuNPs in citrate buffer. The results obtained with the ultra-pure composite AuSi NCs gave the lowest background signal for the W. anomalus and in this respect are optimal for the yeast detection. anomalus in Figure 6 ).
Results and discussion
The detected Raman bands with preliminary band assignments are presented in Table 1 . . Although the peaks for the spoilage yeasts were in similar regions they were slightly shifted allowing an easy discrimination. When comparing the B. bruxellensis result to the study conducted previously by S.B. Rodriguez et al.
5
, the detected spectrum has more distinctive Raman lines. This could be related to the use of NIR excitation and lower excitation laser power as the cells do not need to endure strong thermal damage. This shows how the use of thermally dried cells can be beneficial in detecting cell wall features. The B. bruxellensis peaks seemed to originate from sugars, proteins and lipids. The R. mucilaginosa Raman spectrum has been studied previously with Raman microimaging 40, 41 and by SERS with active silver coated glass fiber tips. 13 The detection method here revealed several Raman bands for R. mucilaginosa originating from polysaccharides, lipids and hemoproteins. The features of the cell, responsible for the detected peaks, are listed next to the band assignments. 41 In contrary to the studies conducted by R. 40 in the case of Micrococcus luteus. However, the spectrum detected here showed several characteristic peaks for the R. mucilaginosa which can be used for yeast discrimination. 
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Lipid, cell wall 42 or unsupervised hierarchical cluster analysis (HCA) 43 to separate the samples using peak intensities of similar spectrums to identify the yeasts from each other. In this study, yeast were cultivated on plate in rich culture medium and harvested at relatively high concentration (10 7 cells/ml) into physiological saline. The method can be implemented for detection of lower cell counts and discrimination of yeasts at strain level utilising improved data analysis and additional cell accumulation methods such as filtration. bruxellensis and R. mucilaginosa and distinctive spectra were recorded for all yeast species. The developed SERS detection method provides a simple and straightforward yeast discrimination tool, in particular, for food and beverage industry.
